Nickel (Ni) based nanoparticles and nanochains were incorporated as fillers in polydimethylsiloxane (PDMS) elastomers and then these mixtures were thermally cured in the presence of a uniform magnetic field. In this way, macroscopically structured-anisotropic PDMSNi based magnetorheological composites were obtained with the formation of pseudo-chains-like structures (referred as needles) oriented in the direction of the applied magnetic field when curing. Nanoparticles were synthesized at room temperature, under air ambient atmosphere (open air, atmospheric pressure) and then calcined at 400 C (in air atmosphere also). The size distribution was obtained by fitting Small Angle X-ray Scattering (SAXS) experiments with a polydisperse hard spheres model and a Schulz-Zimm distribution, obtaining a size distribution centered at (10.0 6 0.6) nm with polydispersivity given by r ¼ (8.0 6 0.2) nm. The SAXS, X-ray powder diffraction, and Transmission Electron Microscope (TEM) experiments are consistent with single crystal nanoparticles of spherical shape (average particle diameter obtained by TEM: (12 6 1) nm). Nickel-based nanochains (average diameter: 360 nm; average length: 3 lm, obtained by Scanning Electron Microscopy; aspect ratio ¼ length/diameter $ 10) were obtained at 85 C and ambient atmosphere (open air, atmospheric pressure). The magnetic properties of Ni-based nanoparticles and nanochains at room temperature are compared and discussed in terms of surface and size effects. Both Ni-based nanoparticles and nanochains were used as fillers for obtaining the PDMS structured magnetorheological composites, observing the presence of oriented needles. Magnetization curves, ferromagnetic resonance (FMR) spectra, and strain-stress curves of low filler's loading composites (2% w/w of fillers) were determined as functions of the relative orientation with respect to the needles. The results indicate that even at low loadings it is possible to obtain magnetorheological composites with anisotropic properties, with larger anisotropy when using nanochains. For instance, the magnetic remanence, the FMR field, and the elastic response to compression are higher when measured parallel to the needles (about 30% with nanochains as fillers). Analogously, the elastic response is also anisotropic, with larger anisotropy when using nanochains as fillers. Therefore, all experiments performed confirm the high potential of nickel nanochains to induce anisotropic effects in magnetorheological materials. V C 2013 AIP Publishing LLC.
Magnetic and elastic anisotropy in magnetorheological elastomers using nickel-based nanoparticles and nanochains
I. INTRODUCTION
Magnetorheological elastomers are composite materials formed by dispersions of magnetic micro or nano compounds (fillers) in an organic viscoelastic non-fluid matrix.
1-21 These materials display anisotropy in their magnetic, electric, or mechanical properties, usually achieved by applying external fields during the formation of the composite. While the use of nickel (Ni) nanocompounds is continuously receiving attention for different applications; [22] [23] [24] [25] [26] their use as fillers in magnetorheological composites has not been fully explored yet. Kchit and Bossis 1 used Ni microparticles covered with silver (10 microns), but the use of Ni nanostructures, such as nanoparticles (NPs), nanochains (NC), or nanowires as fillers in magnetorheological elastomers has not been yet reported in the literature. One possible reason is that compared with the chemical synthesis of nanostructures of noble metals or transition metal oxides, obtaining nickel nanostructures with high purity and low size dispersion presents some difficulties. Usually, nickel (II) compounds are treated with a reducing agent in the presence of other compounds and under specific protocols which include heating, argon atmosphere, pH control, mixing of solvents, microwave heating, selfassembly processes, and electrodeposition. [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] In the present work, we have synthesized Ni nanoparticles and nanochains using synthesis protocols under ambient air atmosphere, which were initially explored by Sidhaye et al. 38 for Ni nanoparticles and Wang et al. 29 for nanochains. The obtained materials were then used as fillers for the fabrication of magnetorheological composites by dispersion of the Ni nanostructures into an elastomer polymer (polydimethylsiloxane, PDMS) followed by thermal curing in the presence of a uniform magnetic field. In this way, it was possible to obtain magnetic elastomers with anisotropic elastic and magnetic properties provided by the formation of pseudo-chains of the fillers aligned in the direction of the magnetic field applied during curing. These magnetorheological elastomers must be differentiated from ferrofluids and other extensively studied viscoelastic materials (like magnetohydrodynamic gels), since magnetorheological elastomers are non-fluid at room temperature.
Thus, the aims of the present work are first to present the synthesis and characterization of Ni nanoparticles and nanochains; second, to demonstrate that magnetic and elastic anisotropic effects can be induced in magnetorheological elastomers using low concentrations of Ni nanostructures as fillers, comparing the effects of using Ni nanoparticles and Ni nanochains. These nanostructures are grouped when curing the matrix in the presence of a magnetic field, forming pseudo-chains. These pseudo-chains are referred as "needles" from now on, to avoid confusion with the term "nanochains" (reserved for one of the fillers used). A scheme illustrating the needles formed by nanoparticles or nanochains is shown in Figure 1 .
II. EXPERIMENTAL SECTION
Nickel nitrate hexahydrate (Ni(NO 3 ) 2 Á6H 2 O), sodium dodecyl sulfate (SDS), oleic oil, sodium borohydride (NaBH 4 ), poly-vinylpyrrolidone (PVP), hydrazine monohydrate 98% (N 2 H 4 ÁH 2 O), sodium hydroxide, and ethylene glycol were purchased from Sigma Aldrich (analytical grade).
A. Synthesis of Ni nanoparticles
Nickel compounds were synthesized following Sidhaye et al. 38 with some modifications (e.g. larger reactants concentrations). The ratio Ni(II):SDS was maintained fixed (1:10) in all the synthesis. Typically, an aqueous mixture of 5 Â 10 C. In all synthesis, NaBH 4 (reducing agent) was added and the color of the solution turned black immediately after its addition. After 1 h under stirring, the solutions were subjected to centrifugation at 10 000 G, the pellets washed with MilliQ water and re-centrifuged several times under the same conditions. The inorganic material was dried in a vacuum oven at room temperature and heated afterwards at 400 C for 5 h under atmospheric air. The apparition in the final material of boron (B) compounds, like Ni-B phases or borates, was not observed by X-ray powder diffraction (XRD); boron was neither detected by Energy Dispersive Spectroscopy (EDS; detector: Oxford Instrument, model INCAx-Sight; detection limit: 0.1% w/w). Both XRD and Small Angle X-ray Scattering (SAXS) experiments show diffractograms coincident with those expected for nickel, without observing peaks or shoulders that could be associated to nickel oxides or hydroxides.
B. Synthesis of Ni nanochains
Nickel nanochains were synthesized based on the protocol reported by Wang et al. 29 In our case, 0.25 g of PVP and 0.363 g of Ni(NO 3 ) 2 Á6H 2 O were dispersed under vigorous stirring in 22.5 ml of ethylene glycol at 85 C (temperature of synthesis). After 15 min, 0.3 ml of distilled water and 1.3 ml of N 2 H 4 ÁH 2 O (98%) were added. At this point, the color of the solution turned light violet due to the formation of Ni(II)-N 2 H 4 complexes. 39 Finally, after 10 min, 0.4 g of NaOH were added, and the Ni(II)-N 2 H 4 complexes react with the OH À , resulting in the reduction of the complexes to metallic Ni. 40 The reaction mixture was kept under vigorous stirring during 2 h at the temperature of synthesis. Then, the solid material was separated by centrifugation at 10 000 G, the first 4 cycles washing with water, and the last one using ethanol. The black solid was finally dried using a vacuum oven at room temperature for 24 h. The formation of nanochains results from adding PVP. As in the case of the nanoparticles, no presence of oxides or hydroxides was detected by XRD.
C. Preparation of PDMS-Ni composites
PDMS base and cross linker agent (Sylgar 184, Dow Corning) were mixed in proportions of 1:10 (w/w) at room temperature and then loaded with 2% w/w of the fillers: Ni nanoparticles or Ni nanochains. Air bubbles were eliminated for every preparation before curing by placing the PDMSfiller mixture in a vacuum oven at room temperature until complete removal of bubbles. Additional care concerning the possible presence of air bubbles inside the composite was taken during loading the mold for curing and checked after curing by observing multiple longitudinal and transversal cuts of the cured samples using Scanning Electron Microscopy (SEM) and optical microscopy. Bubbles were not detected in any of the prepared composites.
The device designed for curing the composite in presence of a uniform magnetic field was described previously, 2-5 hence a short description is presented here. In all cases, the fluid mixture PDMS-fillers was placed inside a cylindrical mould (dimensions: 1 Â 3 cm) which is part of a designed device that allows curing the samples at a given temperature in the presence of an applied magnetic field while rotating the sample at constant speed (approximately 30 rpm) for homogenizing. The samples were cured at (75 6 5)
C during 4 h in the presence of a uniform magnetic field (H curing ¼ 0.35 T). The magnetic field was generated with a standard Varian low impedance electromagnet (model V3703) provided with a set of pole pieces with a diameter of 10 cm. These kinds of electromagnets are known to provide highly homogeneous steady magnetic fields. The magnetic field magnitude between the pole pieces was measured by a Hall-probe electronic gaussmeter. A composite with 2% w/w of Ni nanoparticles was cured without applying a magnetic field for comparison.
D. XRD, transmission electron microscope (TEM), and SEM
XRD analysis of the nanoparticles was performed with a Philips X-Pert diffractometer using CuK a radiation (k ¼ 0.154056 nm) and the average size of the crystallites determined by the Scherrer equation. A Philips EM 301 TEM was used to examine the morphology and also the size distribution of the nanoparticles and nanochains. The size distribution was determined in each case by counting on at least 200 particles. The morphology of Ni nanochains and of the PDMS-Ni composites was studied using a Field Emission SEM (FESEM; Zeiss Supra 40 Gemini).
E. SAXS experiments and modeling
SAXS experiments were performed in a laboratory based equipment, NANOSTAR TM from Bruker at the Laboratory of Crystallography, Institute of Physics, University of São Paulo.
The powder samples of Ni nanoparticles (the powder was not diluted) were exposed to the X-Rays using a Scotch Tape TM to support the samples. The background was taken using the scattering from the tape alone. The data were recorded using exposition times of 900 s. The data treatment was performed using the package SUPERSAXS (developed by Oliveira & Pedersen, University of Sao Paulo). The experimental data are displayed as Intensity, I(q), versus the momentum transfer q, q ¼ (4p/k)sinh, where k is the radiation wavelength and 2h is the scattering angle. The measured q interval was 0.085-3.4 nm
À1
. A model based on a polydispersed system of hard spheres (PHS) was used to describe the experimental data, using the Schulz-Zimm size distribution and the model developed by Percus-Yevick (PY). [41] [42] [43] Fitting of experimental data by these models allows obtaining the average sphere radius R av , the polydispersivity r R , and the effective hard sphere volume fraction g. Details and model equations used for analyzing the data of SAXS experiments are presented in supplementary material. 53 
F. Magnetic properties of nanostructures and composites
A LakeShore 7400 Vibrating Sample Magnetometer (VSM) was used for recording magnetization curves at room temperature. In both cases, Ni nanoparticles and nanochains, a weighted mass of powder samples (5-20 mg) was packed with Teflon tape and mounted in the VSM sample-holder. On the other hand, in the case of Ni-PDMS composites, a slide of the sample was placed in the VSM sample-holder and the magnetization measured at different angles in order to investigate magnetic anisotropy effects. In all cases, the magnetization curves were taken from positive saturation at 1 T, in steps of 25 mT or less, with an integration constant of 10 s for each applied magnetic field.
Ferromagnetic-resonance (FMR) spectra at 24.1 GHz of the NI-PDMS composites were recorded with a Bruker ESP-300 spectrometer at room temperature. The samples were cut in slabs of 2 mm Â 2 mm and a thickness of a fraction of a millimeter, maintaining the needles (formed during curing) within or perpendicular to the surface of the slabs. The samples were placed at the center of the resonant cavity. The slab plane could be either parallel or perpendicular to the microwave excitation, according to the desired angular variation. Angular variations with respect to the external DC magnetic field were made around the slab normal or within the slab plane.
G. Texture analysis
Composites samples for texture analysis were prepared by cutting the cured composites using a specially designed holder in order to obtain pieces of similar thickness (ffi2 mm) and similar areas (0.78 cm 2 and 0.83 cm 2 ) for the perpendicular and parallel cuts with respect to the direction of the applied magnetic field during curing, respectively.
The texture analysis was performed using a Stable Microsystems TA-XT2i Texture Analyzer which compresses the sample at a constant compression speed (100 lm/s) in the range between 8% and 40% of the initial thickness. 44 Different compression-decompression cycles were performed at least in duplicate to characterize the material recovery, possible ruptures, and elastic hysteresis.
III. RESULTS AND DISCUSSION
In the first sections, the results concerning the synthesis and properties of the fillers (Ni nanoparticles and nanochains) are presented (Secs. III A and III B). The results obtained for PDMS-Ni magnetorheological elastomers are described and discussed in the last sections (Secs. III C-III E).
A. Chemical and morphological characterization of Ni nanoparticles and nanochains
The XRD patterns (Figure 2(a) ) indicate that the Ni nanoparticles are essentially crystalline single phases with XRD peaks corresponding to the face centered cubic (fcc) structure of Ni (ICDD 01-1260).
Concerning the average crystallite size of the Ni phase, peaks that correspond to Ni fcc are well distinguished. The mean crystallite size was estimated using the Scherrer equation from the major diffraction peak of the base, (111) at 44.7 , obtaining (13 6 1) nm, in close agreement with the average particle size obtained by TEM ( Figure 3(a) shows TEM images of Ni-based nanoparticles prepared at room temperature. The size distribution present a maximum at (12 6 1) nm, a value coincident with the average crystallite size calculated by Scherrer, (13 6 1) nm as indicated above, suggesting that the Ni-based nanoparticles are single-crystal domains. This is confirmed by the SAXS analysis (Figure 2(b) ). The experimental I exp (q) data were fitted by using a PHS model, with a Schulz-Zimm size distribution and a structure factor given by the PY, described in supplementary material as mentioned in Sec. II E. Thus, the resulting model for fitting the SAXS data, referred as PHS-PY model, considers that the only relevant interaction is between the Ni-based particles taken as hard spheres without substructures. This model provided the best fitting of the scattering data. Other attempts were tried by using models that consider fractal structures (particles aggregates forming structures referred as fractals), obtaining unsatisfactory fittings. This indicates that the Ni-based nanoparticles can be considered as hard-spheres, without presenting aggregations with ramified structures. In other words, the fact that excellent (and the best) fits were obtained by modeling the Nibased nanoparticles by the PHS-PY model means that the system is formed by polydisperse particles of spherical shape.
The recovered values of R av and r R for Ni nanoparticles using PHS-PY are R av ¼ (5.0 6 0.3) nm and r R ¼ (4.0 6 0.1) nm. Thus, the SAXS modeling indicates a reasonable polydispersivity in sizes, rendering a polydispersivity of $56% (z ¼ (R av /r R ) 2 À1 ¼ 0.56). The average hard-sphere size 2R av ¼ (10.0 6 0.6) nm is in excellent agreement with the position of the maximum for the size distribution obtained by TEM ((12 6 1) nm) and also with the average crystallite size calculated from Scherrer equation ((13 6 1) nm), confirming that the nanoparticles can be considered as monocrystalline domains of approximately spherical size. It is worth to note that the values obtained by SAXS have better precision than those obtained from TEM since in SAXS the information comes from a huge number of particles which provides the data that are analyzed in the reciprocal space. The agreement between the particle sizes obtained by SAXS, XRD, and TEM confirms that the particles possesses a well defined crystalline structure, that is, particles presents very good crystal quality.
A low value of the effective volume fraction occupied by the particles, g, was recovered from SAXS, (g ¼ 0.105 6 0.003), which can be attributed to sample preparation effects (empty space between nanoparticles) and/or to surface roughness effects in each nanoparticle.
The TEM and SEM images of Ni nanochains are presented in Figures 3(b) and 3(c) . The SEM image with a high magnification (200 000Â) (Figure 3(c) ) allows seeing the morphology, noting the presence of interacting layers that form the whole nanochain. Two hundred nanochains were considered for determining its average diameter (360 nm) and length (3 lm). EDS of the nanochains indicated a very low oxygen atomic percentage (less than 5%). The magnetization loops at room temperature for the Ni-based nanoparticles and Ni-based nanochains are presented in Figures 4(a) and 4(b) , respectively. Magnetic hysteresis loops were observed indicating the ferromagnetic behavior of Ni-based nanoparticles and nanochains at room temperature. Table I allows comparing the saturation magnetization, M s , remanent magnetization, M r , the ratio (M r /M s ), and coercive field, H c , for Ni-based nanoparticles, Ni-based nanochains, and Ni-bulk.
M s decreases from bulk to nanochains to nanoparticles. In particular, the value of M s for the nanoparticles (20 emu/g) is lower than half of the value for bulk and nanochains (about 50 emu/g). This decrease of M s with the average size of the material has been observed in the cases of Ni and CoFe 2 O 4 nanoparticles.
4,14 An explanation given by Lu et al. 46 proposes a possible partial suppression of the magnetization in one or several surface layers of the nanomaterial due to a spin disordered structure in its surface. Since the surface/volume ratio increases significantly from bulk (microparticles) to nanoparticles then the effect of a non-magnetic or superparamagnetic superficial layer is expected to be larger in the nanoparticles with the consequent relative diminishing of M s as observed in Table I. A crude estimation of the number of non-ferromagnetic layers can be made by assuming cubic NP of volume V ¼ 10 Â 10 Â 10 nm On the other hand, H c increases from bulk to nanochains to nanoparticles. This trend can be explained assuming that the nanoparticles constitute magnetic monodomains (although with ferromagnetic behavior at room temperature) and considering that the reversal magnetization mechanism in ferromagnetic systems is different for large multi-domain materials (bulk and nanochains) than for monodomain ones (nanoparticles). For the multi-domain systems, the main mechanism of magnetization reversal is the movement of domain walls, while for the monodomain ferromagnetic particles the mechanism is the coherent rotation of the spins, a process which requires higher coercive fields than domain walls motion. This qualitative description is in agreement with the tendencies for H c observed in Table I .
The relative influence of those factors in H c , are hard to introduce quantitatively because of the difficulties for evaluating reasonably the values of microscopic parameters such as the effective magnetic anisotropy constant, K eff , which may differ from the bulk value due to surface effects as those described before (K bulk ¼ 4. 5 10 3 erg/cm 3 for fcc-Ni, averaged in all directions 47 ). For example, the maxima contribution of the crystal magnetic anisotropy in magnetic single domains is expected to be (0.7-0.5) (2K bulk /M s ), expressing M s in emu/cm 3 (a Ni density of 8.9 g/cm 3 was used for converting the units of M s of Table I to emu/cm   3 ). For the nanochains, we measured H c ¼ 150 Oe which is higher than the respective value of (0.7-0.5) (2 K/M s ) (¼144-103 Oe) indicating that another contribution, besides the magnetic crystalline anisotropy, should be considered and suggesting contribution from shape anisotropy to H c in the nanochains. anisotropy to H c that in principle cannot be neglected. This is also in agreement with the spherical (non anisotropic) shape of the nanoparticles obtained by SAXS. Summarizing, the present analysis strongly suggest morphology magnetic anisotropy in the nanochains while magnetic crystalline anisotropy for the nanoparticles as the main contributions to magnetic anisotropy in the respective cases.
All the experimental results presented in this section are consistent with nanoparticles that constitute magnetic monodomains, 48 whereas the nanochains consist of multidomains. The observed tendencies, larger H c and M r /M s and the lower M s for the nanoparticles in comparison with the nanochains, are qualitatively interpreted within that context, suggesting magnetic morphology anisotropy has a relevant influence in the magnetic properties of the nanochains, while those of the nanoparticles are mainly influenced by surface effects.
C. Morphology of anisotropic PDMS-Ni composites
Macroscopic pseudo-chains (needles) of inorganic filler material were only obtained when applying a magnetic field during curing, while composites with uniform distribution of fillers (without macroscopic aggregation) were obtained when curing in absence of the magnetic field. Optical photographs and SEM images of the structured composites using Ni nanoparticles as fillers are shown in Figures 5 and 6 , respectively.
The needles are oriented along the direction of the magnetic field and can be observed by the naked eye; top and lateral views of the composites are shown in Figure 5 , recorded with a digital photographic camera. It is worth to remark that non-uniform dispersion of the magnetic needles or domains formation was never observed for matrixes cured in the presence of the magnetic field. The density of needles was calculated in several different portions of the samples, obtaining always similar values independent of the chosen portion.
All the fillers appear incorporated into the needles (confirmed by SEM, Figure 6 ). SEM images show that the needles are formed by conglomerates of the individual fillers (nanoparticles or nanochains).
Figures 6(a) and 6(b) show examples of top and lateral views of the needles, respectively, for composites loaded with 2% w/w of Ni-nanoparticles. These images allow performing some dimensional estimation. For instance, the calculated number of needles that cross a surface perpendicular to its orientation is about (5 6 1) needles/mm 2 and they are separated by an average distance of (1.0 6 0.3) mm. The average length of the needles is about 1.5-2.0 mm with average diameter of 25 lm. Using these averaged dimensions, a volume fraction (/ v ) of about 0.1%-0.5% is estimated for the case of 2% w/w PDMS-Ni-based nanoparticles composites (similar volume fractions were estimated for the case of Ni-based nanochains as fillers). The obtained values of / v (/ v % 0.003 ¼ 0.3% for 2% w/w of filler; W ¼ 0.02 ¼ filler mass fraction) are in agreement with a crude estimation assuming the density of the needles equal to the density of bulk Ni
) and considering that the density of the composite is d composite % 1.2 g/cm 3 calculated by weighing and measuring the geometrical dimensions of the composites. Under these assumptions it can be estimated:
0027, which is in excellent agreement with the value indicated above. Figure 6 (c) shows the interface between a needle and PDMS, observing a clear separation (non-adhesion) between the polymer matrix and the inorganic needles. This is highly relevant in connection with the absence of elastic hysteresis, as discussed in Sec. III E. Figure 6(d) illustrates that the needles formed by the nanochains cross through the elastomer's top surface (which is perpendicular to the field applied during curing). 
D. Magnetic properties of anisotropic PDMS-Ni composites
The magnetic properties of the composites were measured as function of the angle (a) between the needle's alignment and the sensing magnetic field by VSM and FMR (Figures 7 and 8 , respectively, with sensing field parallel to the needles, a ¼ 0). The composites present ferromagnetic behavior with magnetic anisotropy since variation with a was observed for the magnetization curves, M(H), M s , M r , M r /M s and the resonance field in FMR, H r (whatever using nanoparticles or nanochains as fillers). This behavior was observed for CoFe 2 O 4 nanoparticles in PDMS 4 and Ni in a similar matrix. 14 The only parameter that remains isotropic and with the same value for the composites and the filler's powder is the coercive field, H c , in agreement with the picture described in Sec. III C of needles formed by conglomerates of the fillers.
On the other hand, M s , M r , and M r /M s are larger when measured at a ¼ 0 than at other angles, with minimum values at a ¼ 90 , observing higher anisotropy when using nanochains than nanoparticles as fillers. For example, the remanence ratio (M r /M s ) is a 37% lower for a ¼ 90 than for a ¼ 0 in the composites loaded with Ni nanochains and a 26% lower when loading with Ni nanoparticles (these values correspond to 2% w/w loading in both cases). Another illustration of the anisotropic magnetic behavior is the difference in the resonance field, H r , between a ¼ 0 and a ¼ 90 measured by FMR at 24.1 GHz. For this particular frequency the differences are 12% and 5% for nanochains and nanoparticles as fillers, respectively (Figures 8(a) and 8(b) ).
The shift in the FMR spectra when varying a is given by the change of the resonance field, H r , with a ( Figures  8(c) and 8(d) ). From these figures, it is possible to estimate the effective anisotropy field for both fillers using the expression 49, 50 We obtained H eff $ 600 Oe and H eff $ 260 Oe for the nanochains and the nanoparticles in PDMS composites, respectively indicating that the nanochains form needles with a considerably larger anisotropy. Both anisotropy values are still smaller than those expected for a perfectly homogeneous nickel cylinder, which theoretically should have shape anisotropy fields H s ¼ 2pM s $ 3070 Oe and 1260 Oe (assuming M s ¼ 488 emu/cm 3 and 200 emu/cm 3 ) for nanochains and nanoparticles. Note, however, that the ratio between the two effective anisotropy fields, (600/260 ¼ 2.3) is almost coincident with the ratio between the saturation magnetizations (488/200 ¼ 2.4, see Table I and Sec. III B) suggesting that the differences in the anisotropy come mostly from the reduction of M s in the nanoparticles relative to the nanochains and not from a change in the shape of the needles. The considerably increase in the line width, DH, for the magnetoelastomers with nanochains in comparison with those using nanoparticles (DH ¼ 2600 and 1500 Oe, respectively) is also consistent with a larger magnetic anisotropy for the nanochains. 51, 52 The observation of magnetic anisotropy indicates that fillers not only aggregate forming oriented needles but also tend to partially originate-in the same direction of the needles-an easy magnetic axis associated to the fillers. In general, this effect may arise from crystalline magnetic anisotropy (expressed by the magnetic anisotropy constant, K) or from shape anisotropy. The results presented here and the discussion at the end of the previous paragraph indicate that in the case of the Ni nanochains the main contribution to the magnetic anisotropy seems to come mostly from anisotropic shape morphology, that is from the shape of the fillers which is defined previously to cure. This is in accordance with the larger magnetic anisotropy observed for the case of composites with nanochains. The hypothesis favoring shape effects over crystalline magnetic anisotropy is reinforced by noting that the absolute value of the magnetic anisotropy constant, K bulk , for nickel is one order of magnitude lower than for many magnetic compounds (e.g. K ¼ 5Â10 
E. Elastic behavior of PDMS-Ni magnetorheological composites
Stress-strain curves were recorded for both directions, that is, compressing in the directions parallel (//) and perpendicular (?) to the needles. Different elastic tests were performed for magnetorheological composites with 2% Nibased nanoparticles and nanochains such as: (a) compressing at constant speed (100 lm/s) up to reaching a maximum strain (typically 30%) followed by a sudden release, (b) FIG. 8. (a) and (b) FMR signals (24.1 GHz) for PDMS structured composites using Ni-based nanoparticles and Ni-based nanochains as fillers, respectively (the angle a is defined as in Figure 6 ). (c) and (d) Resonance field (H r ) as function of a for composites with Ni-based nanoparticles and nanochains, respectively.
keeping the compression at the maximum strain for several minutes, (c) repeating compression-decompression cycles. In no case elastic hysteresis was observed (the decompression curve matches the compression one). During compression the equipment records the pressure, P, as function of the strain, e (see definition in Eqs. (2a) and (2b)). The qualitative aspects of these curves are similar to those obtained for PDMS composites when using CoFe 2 O 4 and Fe 3 O 4 as fillers, reported in previous works of our group.
2-5,49
For a given sample the strain-stress curves were not modified after at least ten cycles. No relaxation of the material was observed when keeping fixed a 30% strain during 10 min. The increase of pressure during compression was higher when compressing in the direction parallel than for compression perpendicular to the needles. That is, we have observed the induction of anisotropic effects without any hysteresis for all the prepared samples. These conclusions hold for composites made with nanoparticles and nanochains. Hence, these results indicate that the composites behave as anisotropic elastic materials with no elastic memory effects under the indicated conditions.
We propose here that the degree of elastic anisotropic effects can be taken into account by introducing the parameter A elastic , defined by
where the symbol e stands for the strain on the sample (in absolute values)
with 0 e == ; e ? 1. The symbols // and ? refer to compressions in the direction parallel and perpendicular to the needles, respectively. L i represents the initial thickness previous to initiate the compression (note that L i may be not exactly the same for both directions) and L the actual sample's thickness when a pressure is applied. The parameter A elastic is very convenient in order to compare the elastic anisotropy of the two magnetorheological elastomers, with nanoparticles vs. nanochains, since it is not based in any model assumption (like Young's or Poisson's laws) and is defined using the variables which are obtained experimentally (the strains).
The obtained values of A elastic are independent of the applied pressure and considerably larger for the composites with nanochains than for those prepared with nanoparticles: A elastic ¼ 21% and 3% for PDMS-nanochains and PDMSnanoparticles composites, respectively (2% w/w filler loading in both cases). Hence, as in the case of the magnetic anisotropy, the composites with nanochains render the largest elastic anisotropy. Figure 9 illustrates this difference in the anisotropic elastic behavior between composites using nanoparticles and nanochains by representing the absolute value of the numerator in Eq.
(
as function of the applied pressure P for both types of composites. The slopes of the straight lines shown in Figure 9 are expected to be proportional to the difference of the compression modules in both directions (neglecting lateral dilatation related to the Poisson's modulus), thus, the higher slope obtained for the case of composites with Ni nanochains reflects its higher elastic anisotropy. It is important to note that the comparison of the absolute values of the elastic parameters in magnetorheological structured composites can lead to erroneous conclusions, since they are influenced by details of sample preparation which are not easy to match perfectly: mass of the magnetic nanoparticles, intensity of the magnetic field during curing, relative amounts of base and cross-linker, time and temperature of curing, etc. Stress-Strain curves were performed in the presence and absence of a magnetic field, by placing an anisotropic 2% w/w Ni(nanoparticles)-PDMS composite on the surface of a rare-earth disk-shaped magneto (axially magnetized) and by compressing the sample from above with the Texture Analysis device (described in Sec. II G). The diameters of the composite and magnet were 1 cm and 3.6 cm, respectively; the thickness of the composite 3.5 mm approximately. Curves in the absence of the magneto were first recorded. Then the magnet was located on the device and the samples placed on the magneto. An elapsing time of 5 min was considered before running the stress-strain curves, allowing the material to relax. The magnetic field at the center of the magnet was measured with a Hall-probe, obtaining 160 mT at the center and on its surface. It is worth to mention that the magnetic field is non-uniform and decays rapidly with the distance from its surface (Z) with Z À4 . Hence, the following results must be considered only as a demonstration of magnetorheological effects when the sample is exposed to a particular magnetic field.
Different tests were performed, recording the pressure, P, on the sample as function of time, t during the test (t is proportional to the parallel strain, e // , since the speed of compression is constant) (Figure 10 ). Tests were performed first in the absence and then in the presence of a magnet (the curves of the respective tests were then overlapped for a better visualization):
versus the applied pressure P, for PDMS structured composites using Ni-based nanoparticles and nanochains. The strains e // and e ? are defined in Eqs. (2a) and (2b).
(a) Samples were compressed from the top and parallel to the needles, at constant speed (100 lm/s) up to reaching a maximum strain (40%) followed by a sudden release of compression, Figure 10 (a). Three cycles of this type were consecutively performed in each case (presence and absence of the magneto). (b) The compression at the maximum strain was kept for 10 s and the compressing probe was suddenly released ( Figure  10(b) ). (c) Idem (b), but the probe is slowly released at the same speed used for compressing (100 lm/s, Figure 10(c) ).
It is observed that the forces required for reaching a given strain are always lower for samples placed on the magnet. Although these results must be considered as preliminary, the decrease of force/pressure required for reaching a given strain and the different features observed in Figures  10(a) -10(c) may be interpreted by considering the deformations of the initially more structured configuration of aligned needles induced by the spatial non-uniformity of the field, with an heterogeneous disruption of the order due to the strong dependence of the field with the distance along the composite. This heterogeneous disruption of the order may be responsible of the lower response force and the reduced thickness observed when samples are placed at the top of the magneto. These results were perfectly reproducible in several repetitions and clearly indicate an effect of the magnetic field on the elastic behavior of the material. However, a quantitative description of the magnetorheological effect requires a full systematic study under uniform magnetic fields which s outside the scope of the present work.
IV. CONCLUSIONS
Nickel-based nanoparticles and nanochains were obtained by synthetic routes which do not require argon atmosphere or high temperatures. In the case of the particles, single-crystal, magnetic mono-domain, fcc nanoparticles with high chemical purity were obtained, verified by XRD, SAXS, TEM, SEM, EDS, and VSM. The nanoparticles can be well described as a polydisperse system of spherical hardspheres (distribution centered at about 10 nm diameter according to SAXS), displaying ferromagnetic behavior with M s ¼ 20 emu/g, M r ¼ 5.4 emu/g and H c ¼ 180 Oe. The lower values of M s and M r in comparison with those for bulk are in agreement with the model clearly described in Ref. 46 , where the effects of a non-magnetic layer surrounding the particles (due to spin-disorder at the surface) becomes relevant as the nanoparticle size decreases and the surface/volume ratio increases. The increase of H c in comparison with the bulk value is in agreement with a magnetic monodomain description of the nanoparticles, since in that case the coherent rotation of spins is the prevalent factor for magnetic reversal, which requires more energy than processes that appear in bulk samples (like domain wall displacement). M s , M r , and H c for the nanochains are qualitatively consistent with that model having values in between those for the bulk and the nanoparticles.
The anisotropy effects (both magnetic and elastic) in the magnetorheological PDMS-Ni composites are larger when using nanochains as fillers than for the nanoparticles case, as expected from its larger aspect ratio (although not completely obvious since the fillers aggregates forming the needles). In fact, shape anisotropy of the fillers appears as the main factor for the FMR anisotropy observed in the composites. Hence, the results show that the Ni nanochains appear as a very promising material for potential applications of magnetorheological composites, moreover, considering that the synthesis can be relatively easily performed under ambient conditions.
A remarkable characteristic for the technological application of magnetorheological materials is that even using very low amounts of Ni-based nanoparticles or nanochains it FIG. 10 . Stress-strain curves in presence and absence of a magnet close to the sample. A 2% w/w Ni(nanoparticles)-PDMS structured composite is placed on the top of a disk-shaped magnet. Composite diameter: 1 cm. Magnet diameter: 3.6 cm (B ¼ 160 mT at the center on the surface). P(kPa) represents the pressure exerted on the sample during compression in the direction parallel to the needles; t(s) is the elapsed time (in seconds). (a) Samples are compressed at constant speed up to reaching a maximum strain (40%) followed by a sudden release of compression. (b) Compression at the maximum strain was kept for 10 s and then the compressing probe was suddenly released. (c) Idem (b), but the probe is slowly released at the same speed used for compressing. Speed of compression and maximum strain: 100 lm/s and 40%, respectively, in the three cases.
is yet possible to induce anisotropy effects. The elastic response is sensitive to the presence of a magnetic field. The use of loading factors as small as 2% w/w (rendering volume fractions of the needles lower than 1%) still induces magnetic and elastic anisotropy on the magnetorheological composites, as demonstrated by VSM, FMR, and the stress-strain analysis.
